Tantalum oxide has attracted world-wide interest for DRAM (dynamic random access memory) capacitor applications because of its relative high dielectric constant compared to silicon dioxide or nitride. We would like to point out that tantalum oxide behaves very much like a large bandgap n-type semiconductor with 3 main types of donors responsible for leakage current. Native oxygen vacancies are very deep double donors with Ec -Ed = 0.8 eV approximately, where Ec is the bottom of the conduction band and Ed is the energy level of the defect state. Si-O vacancy complexes are relatively shallow single donors with Ec -Ed = 0.2-0.4 eV. C-O vacancy complexes are relatively shallow single donors with Ec -Ed = 0.5-0.6 eV. The key points regarding how to suppress these 3 types of donor defects will be discussed for the purpose of leakage current reduction.
INTRODUCTION
For DRAM memory capacitor applications, the two most important requirements are high capacitance (about 30 fF/cell) to prevent the occurrence of soft errors and low leakage current to prevent the loss of the stored charge. Earlier capacitor structures were based on Si 3 N 4 (dielectric constant ε r = 7) and SiO 2 (ε r = 3.9) such as ONO (oxide-nitride-oxide) and ON (oxide-nitride) capacitor structures [1] - [2] . The technology trend is to migrate from ONO/ON to capacitor structures using dielectric materials with higher dielectric constant such as tantalum oxide Ta 2 O 5 (ε r = 20-25) [2] . It was predicted that, after tantalum oxide, ferroelectric materials such as SrTiO 3 (ε r = 200) or Ba x Sr 1-x TiO 3 (ε r = 400) may be necessary [2] . Recently, Hiratani et al. pointed out that a hexagonal phase of tantalum oxide can be grown on Ru with an enhanced dielectric constant of over 50 [3] . Matsui et al. pointed out this high dielectric constant hexagonal phase can be formed at lower temperature by adding niobium (Nb) [4] . Thus tantalum oxide technology may last longer than previously expected.
It is expected that traps or defect states in Ta 2 O 5 will play an important role in its leakage current problem through the Poole-Frenkel effect (field assisted ionization of defect states) or trap assisted tunneling [5] . Previously, we demonstrated that ZBTSC (zero bias thermally stimulated current) spectroscopy could be used to detect defect states in capacitors with relatively thick Ta 2 O 5 film (about 100 nm) and correlated with leakage current [5] . Subsequently, we demonstrated that ZBTSC could be used to detect defect states in capacitors with ultra-thin Ta 2 O 5 film (about 8 nm) and correlated with leakage current [6] - [7] . The energy level of the defect was estimated using
where E T is the energy level of the defect, T m is the peak temperature and k the Boltzmann constant. In fact, we have summarized the various defect states existing in Ta 2 O 5 capacitors in Table I [7] . As shown in Table I -Si wafers by low-pressure metal-organic chemical vapor deposition (LP-MOCVD) as discussed before [9] . The physical thickness of the film was from 8-100 nm. As deposited Ta 2 O 5 films tend to be very leaky and a post-deposition anneal is necessary to reduce the leakage current. Post-deposition anneal of Ta 2 O 5 samples was done by RTP (rapid thermal processing) in O 2 or N 2 O at 700-900 o C [6] - [7] , [10] - [11] . For the top metal electrode, we tried both electron-beam evaporated Al and sputtered TiN. After TiN sputtering, Cr and then Au were evaporated through a metal shadow mask to make 1-mmdiameter metal dots on the sample by electron beam evaporation. Au/Cr metal dots were then used as a mask to chemically etch off unwanted TiN with a NH 4 OH/H 2 O 2 /H 2 O (1:1:5) solution, resulting in a Au/Cr/TiN/Ta 2 O 5 /Si capacitor structure. Gold was needed as a mask while Cr was needed for better adhesion. ZBTSC measurements were performed at a ramp rate of 0.5 K/s as before. The energy level of the defect was estimated using equation (1) .
RESULTS AND DISCUSSION
The I-V characteristics of both Al/ Ta Table I , A is related to a Si/O vacancy complex (insufficiently oxidized Si) and D is related to O vacancies (insufficiently oxidized Ta). As we have explained before [11] , N 2 O RTP is more efficient than O 2 RTP in the production of free oxygen atoms for the suppression of oxygen vacancies in Ta 2 O 5 films. As we have discussed before [7] - [8] , O vacancies are deep double donors. Smaller quantity of O vacancies also implied smaller quantity of Si/O vacancy complexes. Together, this will result in smaller leakage current. It appears that a lot of people may be confused by another very common observation that N 2 O RTP tends to produce SiO 2 with a smaller thickness on Si than O 2 RTP, resulting in an impression that N 2 O RTP has lower oxidation efficiency than O 2 RTP. Please note that this happens at the higher temperature range >1000 o C. At the higher RTP temperature range >1000 o C, N 2 O is both an oxidizing agent and also a nitridation agent because of NO released from N 2 O. According to Fig. 5 of Dasgupta and Takadis [12] , about 3 nm of oxide was grown for 10 min. at 1000 o C by NO. For < 30 s of RTP time, it can be easily imagined that the NO nitridation effect happens at relatively high temperatures (>1000 o C). According to Jeon et al., Ta 2 O 5 films will become polycrystalline after RTA at 800 o C or above [13] . At or above 900 o C, the Ta 2 O 5 film will become polycrystalline with a lot of grain boundaries and the surface will also become rough; a picture of grain boundary is shown as Fig. 2 . Thus, post deposition anneal of Ta 2 O 5 is usually performed at a relatively low temperature (<900 o C), NO nitridation effect will be weak. At the higher RTP temperature range >1000 o C, N 2 O produces a nitrided oxide, which is a good diffusion barrier for the diffusion of oxidizing species through the nitrided oxide while O 2 produces a pure oxide, resulting in slower oxide growth for N 2 O RTP compared to O 2 RTP. In addition, TiN top metal produces less defects and also lower leakage current compared to Al top metal, as seen in Fig. 1 . 
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Rapid thermal nitridation of silicon before Ta 2 O 5 deposition was investigated as follows. As shown in Fig. 3 , it can be easily shown that RTN can suppress defect states A, B, B' (Si/O vacancy complex), resulting in lower leakage current. The thin silicon nitride between the Si substrate and Ta 2 O 5 serves as a diffusion barrier for Si to diffuse from the substrate into the Ta 2 O 5 film. As shown in Table II, the sample with RTN and 800 o C RTA for 30 s actually has a smaller leakage current and, in addition, a smaller thickness for the Ta 2 O 5 film and also the interfacial layer compared to the sample without RTN and 800 o C RTA for 30 s. Hence the smaller leakage current for the former sample is not due to a larger thickness. The effect of Ta 2 O 5 film thickness was investigated as follows. As shown in Fig. 4 , it can be easily seen that defect states C", C', C (C/O vacancy complex) were very greatly suppressed in samples with very thin Ta 2 O 5 film. According to our SIMS (Secondary Ion Mass Spectrometry) study, we observed that C cannot be easily removed in a thick Ta 2 O 5 film by a short anneal. As shown in Fig. 5 , the carbon distribution profile in a thick Ta 2 O 5 film (98 nm thick) is basically independent of the RTA temperature for a 30 s anneal. This is a strong indication that the short RTA basically has not much effect on the carbon concentration in the film. However, C can be much more easily removed in a very thin Ta 2 O 5 film (for example, 8nm thick). As shown in Fig.  6 , the carbon contamination is obviously removed by the 30 s O 2 anneal and this effect can be seen to be stronger for higher anneal temperature. 
CONCLUSION
All oxygen vacancy related defects tend to be suppressed by a strong oxidizing anneal. RTN helps to suppress silicon contamination related defects. C contamination related defects are more easily suppressed in a very thin Ta 2 O 5 film (< 20 nm thick). It is difficult to remove C contamination in a relatively thick Ta 2 O 5 film (> 70 nm thick). The choice of top metal is also important; TiN top metal tends to produce higher quality samples compared to Al top metal. 
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